Introduction {#s1}
============

In mammals, electroneutral and Na^+^-independent K--Cl cotransport is mediated by 4 distinct genes: SLC12A4-A7 (for review, see [@pone.0061112-Gagnon1]). The products of these genes (KCC1-KCC4) fulfill a variety of physiological roles which include cell volume maintenance and regulation [@pone.0061112-Hoffmann1], Cl^−^ homeostasis [@pone.0061112-Delpire1], [@pone.0061112-Kahle1], [@pone.0061112-Blaesse1], epithelial transport [@pone.0061112-Lauf1], control of migration, proliferation, and invasiveness [@pone.0061112-Chen1]. K--Cl cotransporters are regulated phosphatases [@pone.0061112-Jennings1], [@pone.0061112-Lauf2] and the WNK-SPAK/OSR1 phosphorylation cascade [@pone.0061112-GarznMuvdi1], [@pone.0061112-Kahle2], [@pone.0061112-MercierZuber1], [@pone.0061112-PachecoAlvarez1], [@pone.0061112-PachecoAlvarez2], [@pone.0061112-Gagnon2].

Mutations in SLC12A6, the gene which encodes for the K--Cl cotransporter-3 (KCC3), results in a rare autosomal recessive neurological disorder known as Hereditary Motor and Sensory Neuropathy/Agenesis of the Corpus Callosum (HSMN/ACC) (OMIM 218000; [@pone.0061112-Howard1], [@pone.0061112-Boettger1]). The pathological hallmarks of this syndrome, with high prevalence in the French-Canadian population of Quebec, are a peripheral neuropathy which is often associated with variable agenesis of the corpus callosum, areflexia, mental retardation, and psychosis [@pone.0061112-Labrisseau1], [@pone.0061112-Filteau1]. KCC3-deficient mice exhibit not only the early onset and severe locomotor deficits similar to the crippling human peripheral neuropathy disorder [@pone.0061112-Howard1], but also high blood pressure [@pone.0061112-Adragna1], [@pone.0061112-Rust1], age-related deafness, and renal dysfunction [@pone.0061112-Boettger1]. At the ultrastructural level, KCC3-deficient mice exhibit axonal and peri-axonal swelling indicating both neuronal and Schwann cell defects [@pone.0061112-Byun1]. A recent study that used a synapsin 1-CRE mouse to drive deletion of neuronal KCC3 expression reproduced the neuropathy phenotype observed in the KCC3 knockout mouse [@pone.0061112-Shekarabi1].

Injection of KCC3-T813X, the prevalent mutation observed in the French-Canadian population, in *Xenopus laevis* oocytes demonstrated expression of a glycosylated protein of a smaller molecular size at or near the oocyte plasma membrane similar to wild-type KCC3 [@pone.0061112-Howard1]. In contrast, a novel and more distal HMSN/ACC truncating mutant (KCC3-R1134X) failed to traffic properly to the plasma membrane [@pone.0061112-SalinCantegrel1].

Several studies have reported expression of more than one K--Cl cotransporter isoform in cells and tissues, including red blood cells [@pone.0061112-Crable1]; glial cells [@pone.0061112-Gagnon3]; vascular smooth muscle cells [@pone.0061112-DiFulvio1]; and suprachiasmatic neurons [@pone.0061112-Belenky1]. In fact, most large CNS neurons such as cortical or hippocampal pyramidal cells express both KCC2 and KCC3 [@pone.0061112-Pearson1], and disruption of either cotransporter elicits shifts in the GABA reversal potential [@pone.0061112-Boettger1]. The fact that cells express multiple KCC isoforms suggests the intriguing possibility that these cotransporters interact with one another, a view supported by an early evidence of isoform hetero-dimerization [@pone.0061112-Casula1].

In this study, we take advantage of a full-length KCC3-E289G mutant that maintains the entire open reading frame, but renders the cotransporter functionally inactive to assess interaction, trafficking, and function of co-expressed K-Cl cotransporters. While this mutation is not found in nature, it still provides important information on a specific residue of the K--Cl cotransporter and constitutes a very useful tool to study its trafficking and hetero-oligomerization. We provide evidence that K--Cl cotransporter isoforms interact in *Xenopus laevis* oocytes and affect each other\'s function. We demonstrate that the mutant KCC3-E289G protein resides in the endoplasmic reticulum (ER), is not properly glycosylated, and does not traffic to the plasma membrane. Furthermore, we show that the E289G mutant also prevents wild-type KCC3 as well as another K--Cl cotransporter isoform to traffic to the plasma membrane.

Methods {#s2}
=======

Cloning of mouse KCC3 cDNA {#s2a}
--------------------------

The entire open reading frame of the mouse KCC3a was constructed by ligating into Bluescript (pBSK+) several PCR fragments obtained from David B. Mount (Vanderbilt University). The clone was sequenced and moved into the oocyte expression vector pBF. As the cDNA failed to demonstrate K^+^ transport, the cDNA was re-sequenced and an adenine to guanine substitution at nucleotide position 866, leading to mutation of glutamic acid residue 289 into a glycine was identified. After the mutation was corrected using QuikChange mutagenesis, the clone was re-sequenced and re-tested for functionality.

### Isolation of *Xenopus laevis* oocytes {#s2a1}

All procedures performed with frogs were approved by the Vanderbilt University Institutional Animal Care and Use Committee. Stages V and VI *Xenopus laevis* oocytes were isolated from 16 different frogs as previously described [@pone.0061112-Delpire2] and were maintained at 16°C in modified L15 medium (Leibovitz\'s L15 solution diluted with water to a final osmolarity of 195--200 mOsM, supplemented with 10 mM HEPES and 44 µg of gentamicin sulfate). The next day, oocytes were injected with 50 nl of water containing 2--15 ng of cotransporter cRNA (concentrations are indicated in specific experiments) and oocytes are incubated for 3 days prior to use.

### K^+^ uptakes in *Xenopus laevis* oocytes {#s2a2}

Groups of 20--25 oocytes were washed once with 3 ml isosmotic saline (96 mM NaCl, 4 mM KCl, 2 mM CaCl~2~ 1 mM MgCl~2~, 5 mM HEPES buffered to pH 7.4, 200 mOsM) and pre-incubated for 15 min in 1 ml Na^+^ free isosmotic or hyposmotic saline containing 1 mM ouabain. The solution was then aspirated and replaced with 1 ml Na^+^ free isosmotic or hyposmotic flux solution containing 5 µCi ^86^Rb. Two 5 µl aliquots of flux solution were sampled at the beginning of each ^86^Rb uptake period and used as standards. After 1 h uptake at room temperature, the radioactive solution was aspirated and the oocytes were washed 4 times with 3 ml ice-cold Na^+^ free isosmotic or hyposmotic solution. Single oocytes were transferred into glass vials, lysed for 1 h with 200 µl 0.25N NaOH, neutralized with 100 µl glacial acetic acid, and ^86^Rb tracer activity was measured by β-scintillation counting. KCC flux is expressed in nmoles K^+^/oocyte/h.

### Immunoprecipitation {#s2a3}

Stage V--VI *Xenopus laevis* oocytes were microinjected with 15 ng each mKCC3 and/or rKCC2 cRNAs and incubated for 3 days at 16°C. Oocytes were then homogenized by passing them through a pipet tip (50 µl/oocyte) in 50 mM HEPES supplemented with Complete™ Protease Inhibitor Cocktail Tablet, EDTA-free (Roche). Homogenates were then centrifuged at 15,000 x g for 1 min and supernatants were saved for protein assay (Bradford, BioRad). An equal amount of protein was added to the HEPES buffer to a final volume of 1 ml. Immunoprecipitation was achieved by adding 10 µl of anti-GFP (IgG negative control), anti-KCC3, or anti-KCC2 antibody to the homogenate sample under gentle rotation overnight at 4°C. Then, 30 µl of pre-washed Protein A sepharose (Santa Cruz Biotechnology, Santa Cruz, CA) was added to each homogenate and incubated for 2 h at 4°C. The sepharose beads or expected immunoprecipitates were washed three times with 1 ml of lysis buffer (centrifugation at 4 °C, 2000 rpm, 2 min). The immunoprecipitates were re-suspended in 75 µl of loading buffer that contained 8% β-mercaptoethanol, heated at 75°C for 15 min, and subjected to SDS-PAGE.

### Western Blot Analysis {#s2a4}

Protein samples were denatured in SDS-PAGE loading buffer at 75°C for 15 min and separated on a 6%, 7.5% or 9% SDS-polyacrylamide gels. The separated proteins were electroblotted onto polyvinylidine fluoride membranes through a semi-dry process, and membranes were incubated for 2 h at room temperature in blocking solution (5% nonfat milk in Tris-buffered saline with 0.5% Tween 20). Incubation of primary antibody was performed overnight at 4 °C. The dilutions used for the antibodies were: KCC3 1:250, KCC2 1:250, PDI-ER marker 1∶1000, GAPDH-cytosol marker 1∶1000. Membranes were washed in TBST for 3 h, incubated with their corresponding horseradish peroxidase-conjugated secondary antibody in blocking solution (1∶5000) for 1 h at RT, and washed again for 2 h in TBST. Protein bands were visualized by chemiluminescence (ECL Plus, Amersham Biosciences).

### Cell surface expression in *Xenopus laevis* oocytes {#s2a5}

Isolation of plasma membrane bound proteins was done following [@pone.0061112-LeducNadeau1]. Briefly, 3 days after microinjection of cRNA, 40--60 oocytes were rinsed three times in modified MBSS (80 mM NaCl, 20 mM MOPS pH 6.0) and incubated for 10 min at room temperature with modified MBSS supplemented with 0.005% subtilisin A (Sigma, St. Louis, MO) under gentle agitation to promote vitelline membrane digestion. Membrane polymerization was performed at 4°C under mild agitation by first incubating the oocytes with modified MBSS with 1% ludox colloidal silica (Sigma), and then with modified MBSS with 0.1% polyacrylic acid (Sigma). Between each incubation period, oocytes were rinsed three times in modified MBSS. The oocytes were then homogenized with 0.5 ml of cold HbA (5 mM MgCl~2~, 5 mM NaH~2~PO~4~, 1 mM EDTA, 80 mM sucrose, and 20 mM Tris pH 7.4). This homogenization was carried out manually by passing the oocytes through a 200 ul pipette tip. The homogenates were washed with 1.5 ml with HbA and centrifuged at 16 g for 30 sec at 4°C. The pellets were resuspended and subjected to a series of centrifugations: 16 g, 25 g and 35 g for 30 sec and max speed for 20 min. The pellets of purified plasma membranes were resuspended in 45 µl of HbA and frozen until use.

### Cell culture and Transfection {#s2a6}

HEK 293FT (Invitrogen, Carlsbad, CA) cells were maintained and routinely passaged in DMEM-F12 supplemented with 10% fetal bovine serum and 1% Penicillin/Streptomycin (Invitrogen) at 37°C under 95% air, 5% CO~2~. For transfection, cells were trypsinized and plated at 30% density the day prior to transfection. The cDNAs were then transfected into the cells using FuGENE 6 (Roche Applied Science) at a 3∶1 ratio (DNA:transfection reagent). Transfected cells were incubated at 37°C under 95% air, 5% CO~2~ for 48 h prior to use.

### HEK 293FT sub-cellular fractionation {#s2a7}

The method was adapted from [@pone.0061112-Holden1]. HEK 293FT cells grown in 10-cm dishes were transfected with 16 ug of KCC3-pIRES \_puro2 or KCC2-pIRES_puro2 and 48 h later, the culture medium was removed and cells were detached with 500 µL of Trypsin-EDTA (0.05%, Invitrogen). Cells were resuspended in 10 ml of complete culture medium, centrifuged at 100 x g at 4°C for 2 min. Next, the supernantant was aspirated and the cells were washed by gentle pipetting in 10 ml of Hank\'s Balanced Salt Solution. Cell suspension was centrifuged again at 100 x g at RT to pellet the cells. Supernatant was removed and the cell pellet was resuspended by gently adding 1 ml of ice cold buffer 1 (25 µg/ml digitonin, 150 mM NaCl, 40 mM HEPES pH 7.4) containing protease inhibitors (1 tablet of complete protease inhibitor cocktail per 10 ml). Cell suspension was gently rotated at 4°C for 5 min. The sample was then centrifuged at 2000 x g. Supernatant which constitutes the cytosol-membrane enriched fraction was recovered and saved. The pellet was resuspended by vortexing in 1 ml of ice-cold buffer 2 (1% NP40, 150 mM NaCl, 40 mM HEPES pH 7.4). Samples were incubated on ice for 30 min and then centrifuged at 7000 x g to pellet nuclei and cell debris. The supernatant which comprises membrane bound organelles such as the ER, Golgi, mitochondria and some nuclear lumenal proteins was recovered and saved. Finally, the pellet was resuspended by vortexing in 1 ml of ice cold buffer 3 (0.5% Na-deoxycholate, 0.1% SDS, 1 U/ml benzonase, 150 mM NaCl, 40 mM HEPES pH7.4). Samples were rotated gently overnight at 4°C to allow complete solubilization of nuclei and digestion of genomic DNA. The supernatant which comprises nuclear membranes and nuclear proteins was finally recovered.

### Immunofluorescence {#s2a8}

HEK 293FT cells grown on glass coverslips and transfected with wild-type or mutant KCC3 were washed in PBS twice at room temperature and fixed with 2% paraformaldehyde in PBS for 30 minutes. The cells were then permeabilized by incubating them twice for 5 min with PBS containing 0.075% saponin (Sigma, St Louis, MO). After blocking with PBS containing 0.075% saponin and 0.2% BSA for 30 minutes, the cells were incubated for 1 h at RT with 150 µl primary antibodies: rabbit polyclonal anti-KCC3 antibody (1∶250, [@pone.0061112-Byun1]) and mouse monoclonal anti-PDI antibody (Abcam, Ab27043 1∶200), followed by 3×5 min washes with PBS/saponin/BSA and then incubated for 1 h at RT with 150 µl secondary antibodies: Cy3 conjugated anti-rabbit antibody (1∶1000, Jackson Immunochemicals) and Alexa Fluor anti-mouse IgG (H+L) (1∶400, Invitrogen). After final 3×5 min washes in PBS/saponin/BSA solution, coverslips were mounted on slides using VectaShield (Vector Laboratories, Burlingame, CA) and sealed with nail polish. Fluorescence signal was visualized using a Carl Zeiss LMS 510 META confocal microscope.

Results {#s3}
=======

During the process of cloning the mouse KCC3 cDNA, we came across a mutation resulting in the substitution of glutamic acid residue E289 into a glycine (E289G). This negatively charge residue, located at the end of trans-membrane domain 3 (TM3) or beginning of extracellular loop 2 (ECL2) is highly conserved in all mammalian cation-chloride cotransporters ([Figure 1A](#pone-0061112-g001){ref-type="fig"}). Although the KCC3-E289G mutant was non-functional when expressed in *Xenopus laevis* oocytes, function was restored when the residue was mutated back into a glutamic acid ([Figure 1B](#pone-0061112-g001){ref-type="fig"}).

![Absence of function of KCC3-E289G mutant cDNA.\
A) Conservation of glutamic acid residue (E289 in mouse KCC3) within mouse SLC12A cotransporters. The residue, highlighted by an arrowhead in cartoon and sequence alignment, is localized at the end or right downstream of transmembrane domain 3 (TM3). B) K^+^ influx was measured through unidirectional ^86^Rb tracer uptake under isosmotic and hyposmotic conditions, in oocytes injected with water, KCC3-E289G mutant cRNA, and wild-type KCC3 cRNA. Bars represent means±SEM (n = 25 oocytes).](pone.0061112.g001){#pone-0061112-g001}

To demonstrate hetero-dimerization of K--Cl cotransporters, we chose to study the interaction between KCC3 and KCC2, a cotransporter that demonstrates activity under isosmotic conditions. In [Figure 2](#pone-0061112-g002){ref-type="fig"}, we co-expressed, wild-type KCC3, and KCC3-E289G in *Xenopus laevis* oocytes and used co-immunoprecipitation to show specific protein-protein interactions. First, we immunoprecipitated KCC3 proteins and immunoblotted for KCC2 ([Figure 2](#pone-0061112-g002){ref-type="fig"}, panel A: lanes 4 & 5) or inversely immunoprecipitated KCC2 and immunoblotted for KCC3 ([Figure 2](#pone-0061112-g002){ref-type="fig"}, panel B: lanes 2 & 3). No immunoprecipitation was observed with unrelated IgG, and neither antibody cross-reacted with the other K--Cl cotransporter ([Figure 2](#pone-0061112-g002){ref-type="fig"}, panel A: lane 6, panel B: lane 1). Lanes 1--3 of panel A constitute internal controls. Note the smaller molecular size of the KCC3-E289G band, indicating possible impairment in glycosylation.

![Co-immunoprecipitation reveals interaction between KCC3 and KCC2.\
*Xenopus laevis* oocytes were injected with KCC2 cRNA in the presence or absence of wild-type KCC3 or KCC3-E289G cRNAs. KCC2 or KCC3 were then immunoprecipitated and the complex was analyzed by Western blot analysis using rabbit polyclonal anti-KCC2 or anti-KCC3 antibodies. Immunodetection of KCC2, KCC3 and IgG are indicated on the right of the panels. Note that both KCC2 (panel A) and KCC3 (panel B) when immunoprecipitated are observed as 2 bands: unglycosylated and glycosylated forms. Experiment was repeated once and yielded similar data.](pone.0061112.g002){#pone-0061112-g002}

Next, we measured K--Cl transport activity through K^+^ influx measurements in *Xenopus laevis* oocytes ([Figure 3A](#pone-0061112-g003){ref-type="fig"}). Under isotonic conditions, KCC2-injected oocytes showed significant K^+^ influx compared to water-injected oocytes. Under isotonic conditions, KCC3-injected oocytes showed no activity, but the activity could be observed upon hyposmotic treatment. When co-injected with wild-type or E289G mutated KCC3, KCC2 activity was significantly reduced compared to KCC2 alone under isotonic conditions. Because KCC3 is inactive under isosmotic conditions, we also examined the effect of KCC3 wild-type and KCC3-E289G on KCC2 under hypotonic conditions. Based on the activity of each cotransporter under hypotonic conditions, we anticipated an additive effect (showed by the arrowed vertical line). However, we again observed a flux that was smaller than KCC2 alone. To demonstrate that this was not due to cRNA saturation, we injected 6 ng KCC2 RNA and observed a significant increase in flux, compared to a 2 ng KCC2 injection. Importantly, we demonstrated that the inhibitory effect of KCC3-E289G on KCC2 function was specific to K--Cl cotransporters, by co-injecting mRNA encoding KCC3-E289G and NKCC1, and observing no inhibitory effect on NKCC1-mediated K^+^ uptake ([Figure 3B](#pone-0061112-g003){ref-type="fig"}). This control experiment was important as it demonstrated that the KCC3-E289G mutation did not poison the endoplasmic reticulum.

![Evidence for dominant-negative effect of KCC3 on KCC2 function.\
A) *Xenopus laevis* oocytes were injected with KCC2 cRNA in the presence or absence of wild-type KCC3 or KCC3-E289G cRNAs. Three days following injection, K^+^ influx was measured under isosmotic conditions where only KCC2 function is active, or under hyposmotic conditions where both KCC2 and KCC3 function are stimulated. Bars represent mean ± S.E.M. (n = 20--25 oocytes). Flux is expressed in nmoles K^+^/oocyte/h. ^(^\*^)^ P\<0.01 (ANOVA) compared with KCC2 alone under isosmotic condition, ^(∑)^ P\<0.01 (ANOVA) compared with KCC2 alone under hyposmotic solution. Arrow indicates the anticipated flux mediated by the combined activity of KCC2 and KCC3. This is a representative experiment. Each condition (bar) was reproduced multiple times. B) K^+^ influx was measured under hyperosmotic conditions in oocytes injected with NKCC1 cRNA in the presence or absence of KCC3-E289G cRNA. Bars represent mean ± S.E.M. (n = 20--25 oocytes). Flux is also expressed in nmoles K^+^/oocyte/h.](pone.0061112.g003){#pone-0061112-g003}

Using a silica-based cross-linking method [@pone.0061112-LeducNadeau1], we isolated plasma membrane proteins from oocytes injected with KCC2, KCC3, KCC3-E289G, KCC2+KCC3, and KCC2+KCC3-E289G ([Figure 4](#pone-0061112-g004){ref-type="fig"}). Consistent with the flux data, we observed absence of KCC3-E289G expression in the plasma membrane and reduced to absent KCC2 expression in the membrane when wild-type KCC3 or KCC3-E289G cRNA was co-injected into oocytes. Similarly, when expressed in oocytes, the KCC3-E289G mutant prevented wild-type KCC3 to reach the plasma membrane ([Figure 5A](#pone-0061112-g005){ref-type="fig"}) which resulted in dominant-negative effect on KCC3 function ([Figure 5B](#pone-0061112-g005){ref-type="fig"}). As K--Cl cotransporter likely functions as homodimers, we forced dimerization through the use of concatamers or mRNA molecules encoding two KCC3 cotransporters, linked head to tail and separated by a 9-glutamine linker. As seen in [Figure 5C](#pone-0061112-g005){ref-type="fig"}, concatamers made of wild-type KCC3 molecules were functional, whereas addition of mutant KCC3-E289G monomer downstream of a wild-type monomer eliminated the function of the dimer.

![Evidence for dominant-negative effect of KCC3 on KCC2 trafficking.\
*Xenopus laevis* oocytes were injected with KCC2 in the presence or absence of wild-type KCC3 or KCC3-E289G cRNAs and membrane fractions were isolated using a silica cross-linking method. Membrane proteins and whole oocyte lysates were subjected to Western blot analysis using rabbit polyclonal anti-KCC2 or anti-KCC3 antibodies. Experiment was reproduced 3 times.](pone.0061112.g004){#pone-0061112-g004}

![Evidence for dominant-negative effect of KCC3 on KCC2 trafficking and function.\
*Xenopus laevis* oocytes were injected with KCC3, KCC3-E289G, or both. A) Membrane fraction was isolated using a silica based cross-linking method and membrane proteins and whole oocyte lysates were subjected to Western blot analysis using rabbit polyclonal anti-KCC2 or anti-KCC3 antibodies. B) K^+^ influx was measured under hyposmotic conditions. C) K^+^ influx generated by KCC3-KCC3 and KCC3-KCC3-E289G concatamers. Bars represent mean ± S.E.M. (n = 20--25 oocytes). Flux is expressed in nmoles K^+^/oocyte/h. \*P\<0.001 (ANOVA) compared with KCC3 controls. Experiment was performed 6 times with similar data.](pone.0061112.g005){#pone-0061112-g005}

The lower molecular size of the KCC3-E289G band observed in [Figure 2](#pone-0061112-g002){ref-type="fig"} indicates a defect in glycosylation. To further substantiate this defect, we transfected HEK 293FT cells with wild-type and mutant KCC3 and observed absence of larger molecular weight products in the KCC3-E289G mutant ([Figure 6A](#pone-0061112-g006){ref-type="fig"}). As KCC3 is natively expressed in Chinese hamster ovary (CHO) cells, we took advantage of mutant CHO cell lines ([Figure 6B](#pone-0061112-g006){ref-type="fig"}) to evaluate the extent of the KCC3-E289G glycosylation deficit. As shown in [Figure 6A](#pone-0061112-g006){ref-type="fig"}, the signal from the KCC3-E289G mutant is similar to the signal shown in the CHO Lec8 and Lec1 samples, indicating early glycosylation deficit. Treatment with tunicamycin, which blocks the synthesis of all N-linked glycoproteins ([Figure 7A](#pone-0061112-g007){ref-type="fig"}), and PNGase, an enzyme that cleaves asparagine-linked mannose rich oligosaccharides ([Figure 7B](#pone-0061112-g007){ref-type="fig"}), slightly reduced the molecular size of the KCC3-E289G band, indicating the presence of a core glycosylation. These data are consistent with the protein being partially modified in the endoplasmic reticulum. Staining of HEK 293FT cells transfected with wild-type KCC3 ([Figure 8A--F](#pone-0061112-g008){ref-type="fig"}) demonstrates cotransporter localization in the plasma membrane and intracellular compartments but with minimal co-localization with the ER marker (PDI). However, the KCC3-E289G ([Figure 8G--L](#pone-0061112-g008){ref-type="fig"}) mutant revealed strong co-localization with PDI ([Figure 8G--L](#pone-0061112-g008){ref-type="fig"}). Using a subcellular fractionation protocol, we were able to confirm in HEK 293FT cells that the KCC3-E289G mutant does not make it to the plasma membrane, but is exclusively located in intracellular organelles, whereas wild-type KCC3 signal is observed both in membrane and intracellular organelles ([Figure 9](#pone-0061112-g009){ref-type="fig"}). No KCC3 signal is observed in water-injected oocytes (over 5 experiments). Note the presence of a sizable fraction of wild-type KCC3 and KCC3-E289G associated in the nuclear fraction, this signal might partially originate from nuclei-associated endoplasmic reticulum, as PDI signal was also observed in the nuclear fraction.

![N-Glycolsylation deficiency of the KCC3-E289G mutant.\
A) Western blot analyses of KCC3-E289G mutant in HEK 293FT cells and *Xenopus laevis* oocytes compared to wild-type KCC3 in HEK 293FT cells, wild-type and mutant CHO cells, and *Xenopus laevis* oocytes, using rabbit polyclonal anti-KCC3 antibody. CHO-Lec1 cells have mutation in N-acetylglucosaminyl transferase, whereas CHO-Lec8 and CHO-Lec2 have deficient galactose and sialic acid transporters, respectively. Two independent experiments are shown. Experiment was performed 4 times. B) Scheme represents the main steps in N-linked oligosaccharide biosynthetic pathway. First, core Glc-Nac-Glc-Nac-Man with branched mannose residues are added to the Asparagines in the ER. In the Golgi, mannose molecules are replaced by acethylglucosamyl groups, followed by the addition of galactose and sialic acid groups. These steps require the availability of galactose and sialic acid in the cells, which is prevented in the mutant CHO cells by elimination of specific transporters.](pone.0061112.g006){#pone-0061112-g006}

![N-Glycolsylation deficiency of the KCC3-E289G mutant.\
A) Western blot analysis of wild-type KCC3 and KCC3-E289G mutant in HEK 293FT cells treated with tunicamycin (10 µg/ml for 18 h). B) Western blot analysis of wild-type KCC3 and KCC3-E289G mutant proteins isolated from *Xenopus laevis* oocytes and treated with PNGase (0.25U, 12 h at 37°C). The membranes were exposed to a rabbit polyclonal anti-KCC3 antibody. The experiment was repeated once with identical data.](pone.0061112.g007){#pone-0061112-g007}

![Evidence for KCC3-E289G localizing in the endoplasmic reticulum.\
HEK 293FT cells were transfected with wild-type KCC3 (A--F) or KCC3-E289G mutant (G--L). Two days post- transfection, the cells were fixed with paraformaldehyde, treated with saponin, and exposed to rabbit polyclonal anti-KCC3 and mouse monoclonal anti-PDI antibodies followed by cy3-conjugated anti-rabbit and Alexa Fluor--conjugated goat anti-mouse antibodies. Focal plane images of KCC3 signal (A, D, J, G), ER marker signal (B, E, H, K), and combined signals (C, F, I, L). Bar = 5 µm.](pone.0061112.g008){#pone-0061112-g008}

![Sub-cellular localization of KCC3 and KCC3-E289G in HEK 293FT cells.\
HEK 293FT cells were transfected with wild-type KCC3 or KCC3-E289G mutant. Two days post-transfection, the cells were treated with digitonin to extract proteins from cholesterol-rich (plasma) membranes (membrane/cytosol fraction), followed by NP40 treatment to isolate proteins from ER/Golgi fraction, followed by deoxycholate+SDS detergents to isolate proteins from nuclear fraction. Western blots were probed with rabbit polyclonal anti-KCC3 and mouse monoclonal anti-PDI and anti-GAPDH antibodies. Experiment was reproduced at least 5 times with similar data.](pone.0061112.g009){#pone-0061112-g009}

Because the glutamic acid residue is highly conserved within cation-chloride cotransporters, we examined the effect of mutating the corresponding residues in KCC2 and NKCC1. As seen in [Figure 10](#pone-0061112-g010){ref-type="fig"}, mutation of KCC2 glutamic acid residue 201 into glycine completely abrogated KCC2 function under both isosmotic and hyposmotic conditions. Interestingly, the glutamic acid residue could not be substituted with a negatively charged aspartic acid residue. In contrast, there was minimal effect of mutating the corresponding glutamic acid residue in NKCC1, as cotransporter function was similar for mutants NKCC1-E383G or E383D when compared to wild-type NKCC1 under isosmotic conditions. To demonstrate that NKCC1 was expressed in the plasma membrane to similar levels, we utilized a constitutively-active form of SPAK to activate the cotransporter [@pone.0061112-Gagnon2], [@pone.0061112-Gagnon4]. Under SPAK activation, the levels of cotransporter activity were similar between wild-type and mutant NKCC1cotransporters. However, there was a significant reduction in cotransporter activation in the mutants versus wild-type NKCC1 under hyperosmotic conditions.

![Effect of E289G-like mutations in KCC2 and NKCC1.\
K^+^ influx was measured through unidirectional ^86^Rb tracer uptake in oocytes injected with water, wild-type KCC2 or KCC2-E201G or KCC2-E201D mutant cRNAs, and wild-type or NKCC1-E383G or NKCC1-E383D mutant cRNAs. Uptakes were measured under isosmotic (200 mOsM) and hypotonic (100 mOsM) solutions for KCC2 and under isotonic and hypertonic (265 mOsM) solutions for NKCC1. Bars represent means±SEM (n = 20--25 oocytes). Fluxes are expressed in nmoles K^+^/oocyte/h. (\*) Denotes statistical significance with P\<0.001 (ANOVA followed by Tukey-Kramer Multiple Comparisons Test). Experiment was done once.](pone.0061112.g010){#pone-0061112-g010}

Discussion {#s4}
==========

K--Cl cotransporters are encoded by four distinct genes each of which generates many variants due to the use of alternative promoters and alternative splicing (For reviews, see [@pone.0061112-Hebert1], [@pone.0061112-Payne1]). Published Western blot data indicate the presence of dimers or oligomers and functional studies have demonstrated that K--Cl cotransporters form homo-dimers. An intriguing consensus emerging in the field of cation-chloride cotransporter is that cells often co-express multiple isoforms of the K--Cl cotransporter. While this might not necessarily be too surprising for an bipolar epithelial cell that might express one form of the cotransporter on the apical membrane and another on the basolateral membrane, or even for a neuron which might express one form in dendritic spines and another at the cell body, this observation still raises the intriguing possibility that one isoform might affect the expression and/or function of another. To address this possibility, we made use of a functional cotransporter (KCC3), a non-functional cotransporter mutant (KCC3-E289G), and a second functional cotransporter (KCC2) to examine the possibility of hetero-dimerization and co-regulation. The present studies were performed with the specific aim to examine whether a non-functional but full-length cotransporter affects the function of an active cotransporter. We started our studies with a KCC3 mutant that fails to demonstrate hypotonic-stimulation of K^+^ influx when expressed in *Xenopus laevis* oocytes. As the residue is located in an extracellular loop, it is unlikely that the deficit is due to regulation by intracellular signaling/regulatory proteins, such as kinases or phosphatases.

Co-immunoprecipitation experiments revealed that both wild-type and KCC3-E289G mutant interact with KCC2 when co-injected in oocytes. These data indicate that not only KCC2 and KCC3 can be co-expressed in neurons [@pone.0061112-Pearson1], [@pone.0061112-LeRouzic1], [@pone.0061112-Shekarabi2], but that they are able to form oligomers. Functional data argue that expression of KCC3 affects KCC2 function or vice-versa, irrespective of the nature of the KCC3 clone co-expressed (wild-type versus mutant). Indeed, it was striking that K^+^ influx measurements were never additive when both cotransporters were expressed in the oocytes. As our experiments were controlled for the level of cRNA injected, it was clear that these effects were true dominant-negative effects and not related to RNA saturation in the oocytes. To explain these data, we examined expression of the cotransporters at the cell surface. Instead of biotinylation, we utilized a method that was developed specifically for *Xenopus laevis* oocytes and which was shown to be of high sensitivity [@pone.0061112-LeducNadeau1]. Protein expressed at the plasma membrane were cross-linked to silica and simply isolated by centrifugation. Indeed, after washing excess silica, lysing the oocytes, pelleting and washing the silica, wild-type KCC2 and KCC3 protein were readily observed by Western blot analysis. In contrast, no signal was observed from oocytes expressing KCC3-E289G, indicating that the mutant cotransporter does not reach the plasma membrane, or if some of it reaches the membrane, it is below the level of detection of the silica method. Co-expression of KCC3-E289G with KCC2 resulted in absence of KCC2 expression in the oocyte membrane, whereas co-expression of wild-type KCC3 with KCC2 resulted in decreased expression of KCC2 in the membrane. These data indicate that the mutant KCC3 protein prevents proper trafficking of KCC2 to the cell surface. The fact that expression of wild-type KCC3 also affects expression of KCC2 is puzzling. This indicates that when the two cotransporters interact, trafficking of this hetero-dimer to the plasma membrane is impaired. However, this interaction would only take place when mRNA molecules are translated simultaneously and the dimer forms in the endoplasmic reticulum. Thus, to prevent this specific mechanism of regulation, cells might have ways to separate translation spatially and/or temporally in order to express full complements of each transporter to the plasma membrane.

Our data indicate that mutation of extracellular glutamic acid residue 289 into a glycine impairs trafficking of KCC3 to the plasma membrane. If trafficking of KCC3-E289G to the cell surface is fully prevented, this by itself explains the absence of function. We attempted to 'force' the transporter to the cell surface by using a molecular chaperone utilized to rescue trafficking of the CFTR-Δ508 mutation [@pone.0061112-Rubenstein1], [@pone.0061112-Zeitlin1]. Incubation of the oocytes with 2.5 mM 4-phenylbutyrate for 3 days during translation, had no effect on trafficking and function of the mutant KCC3 cotransporter (1002±62 pmoles/oocyte/h (n = 26) for wild-type KCC3 alone versus 1129±42 (n = 26) for wild-type KCC3 in oocytes treated with 4-PBA and 86±12 pmoles/oocyte/h (n = 26) for mutant KCC3 alone versus 90±10 (n = 24) for mutant KCC3 in oocytes treated with 4-PBA). Because the silica method likely has a detection threshold below which there is no cell surface detection, there is a possibility that some of the mutant cotransporter does reach the plasma membrane. If it is the case, this would indicate that the transporters that have reached the membrane are also functionally silent. The precise mechanism by which a single substitution of a glutamic acid residue to a glycine at the end of transmembrane 3 affects trafficking is unknown. It is tempting to speculate that the negatively charged residue at the end of the transmembrane domain affects the threading of the domain across the reticular membrane and that in turn affects the overall topology and folding of the protein. It is, however, important to note that the glutamic acid cannot be substituted by an aspartic acid, which also carries a negative charge (see [Figure 10](#pone-0061112-g010){ref-type="fig"}). We did not test additional amino acid substitutions in this study. It will be of interest to expand the analysis to other residues such as glutamine which has a side chain similar to glutamic acid and alanine which has a size similar to glycine. An independent confirmation which supports our observation that the transporter is not properly trafficked to the plasma membrane comes from the migration pattern of the mutant KCC3 protein in an acrylamide gel. Western blot analysis data show absence of a broad band typical of a glycosylated membrane protein for the KCC3-E289G mutant. Treatment of protein lysates isolated from oocytes expressing KCC3-E289 with PNGase demonstrated a small shift in molecular size, indicating that the core glycosylation (or addition of mannose sugars) had taken place in the KCC3-E289G cotransporter mutant. Comparison of the glycosylation pattern of KCC3-E289G in HEK 293FT cells or in *Xenopus laevis* oocytes with the pattern of native KCC3 in CHO cells with mutation in glycosylation genes revealed deficits in the early glycolsylation steps that typically occur in the Golgi. This would indicate that trafficking of the mutant transporter might be arrested in the endoplasmic reticulum or early Golgi. This conclusion was further supported by immunofluorescence data and cell fractionation data that demonstrate co-localization of the KCC3-E289G mutant with the ER marker, PDI. Thus, we have uncovered a glutamic acid residue in KCC3 which when substituted into a glycine affects glycosylation and trafficking of the cotransporter to the plasma membrane. As the mutant cotransporter is full-length it can interact in the ER with wild-type cotransporters (KCC3 or KCC2) and prevent their trafficking as well. Control experiments with co-injection of KCC3-E289G with NKCC1 revealed that trafficking is impaired due to interaction of KCC monomers instead of ER poisoning. As the interaction of K--Cl cotransporters occurs at the C-terminal tail [@pone.0061112-Simard1], we also tested whether trafficking of KCC2 would be affected by a transporter lacking part of the C-terminal tail. Indeed, co-expression of KCC2 in oocytes with twice the amount of RNA encoding KCC3-T813X, the Quebec HSMN/ACC mutant, had no effect on the function of wild-type KCC2 (2777±162 (n = 25) for KCC2+KCC3-T813X versus 2997±180 (n = 23) for KCC2 alone), indicating that the absence of a C-terminal tail prevents the KCC3-T813X mutant to interact with wild-type and affects its trafficking.

As the KCC3 glutamic acid residue 289 is conserved within cation-chloride cotransporters, we wondered if mutation of the corresponding residue in other K--Cl cotransporters or even one of the Na--K--2Cl cotransporter would also affect their function. Interestingly, KCC2 function was completely eliminated in the KCC2-E201G mutant, whereas function of NKCC1 was only partially affected in the NKCC1-E383G mutant. These data indicate that the residue is far more essential to K--Cl cotransport than Na--K--2Cl cotransporter function. Because the levels of isosmotic transport (under control conditions and SPAK-activated conditions) are identical in the two NKCC1 mutants versus wild-type, it is likely that trafficking of NKCC1 is not affected by the mutations. In contrast, the function of NKCC1 is significantly reduced under hyperosmotic conditions. These data are in agreement with a previous study showing that the second extracellular loop is involved in the sensitivity of NKCC1 and NKCC2 to hyperosmolarity [@pone.0061112-Gagnon5].

In conclusion, our results show that E289 in KCC3 and E201 in KCC2 are essential residues for proper trafficking of the cotransporters, respectively. Experiments performed in *Xenopus laevis* oocytes and mammalian HEK 293FT cells revealed that the KCC3-E289G mutant cotransporter is stuck in the endoplasmic reticulum and likely receives only the core mannose glycosylation. Our results also demonstrate that hetero-dimerization of KCC2 and KCC3 is possible and that co-expression of one cotransporter affects expression of the other. These data also indicate that expression of a full-length mutant cotransporter, even if non-functional, might have dominant-negative effects on other related cotransporters, suggesting the possibility that single residue mutations that do not lead to protein truncation might lead to different phenotypes than knockout of the protein.
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